Introduction {#Sec1}
============

Severe combined immunodeficiency (SCID) is a rare primary immune deficiency caused by genetic mutations resulting in severe deficiencies in both cellular and humoral immunity. SCID patients are susceptible to serious infections and will typically die before 1 year of age if immune function is not restored through allogeneic hematopoietic stem cell transplantation (HSCT), enzyme replacement or gene therapy \[[@CR1]\]. SCID is a pediatric emergency and early diagnosis is essential in order to initiate life-saving therapies and avoid severe infections and organ toxicity.

In 2003, public health authorities became aware of a number of cases of vaccine-associated disseminated BCG mycobacterial infection reported through the IMPACT (Immunization Program Monitoring Active) surveillance network \[[@CR2]\]. Eight of the nine cases identified were in First Nations, Métis and Inuit (FNMI) children and seven of those children had an underlying genetic immune deficiency (5 SCID, 1 interferon gamma receptor deficiency and 1 uncharacterized) \[[@CR3]\]. Disseminated BCG disease is a rare but devastating complication of BCG vaccination in severely immune compromised infants. This lead to a re-evaluation of routine BCG vaccination practices in First Nations and Inuit communities. At the time, the frequency of SCID in Canada was unknown and Health Canada's First Nations and Inuit Health Branch (FNIHB) initiated a national surveillance study in collaboration with the Canadian Pediatric Society and pediatric academic centers across Canada. Acquiring this information was crucial to public health policy decision-making regarding the continued use of BCG vaccination in First Nations communities and the need for SCID newborn screening in Canada.

This study used the framework of the Canadian Paediatric Surveillance Program (CPSP), in which data are gathered from over 2,500 Canadian paediatricians and paediatric subspecialists each month.

The objectives of this study were to determine: 1) the incidence and type of SCID in the Canadian FNMI and general populations; 2) the incidence of disseminated BCG disease in SCID patients; 3) the average time delay to diagnosis; 4) known risk factors and initial clinical presentations; 5) whether patients received a HSCT or gene therapy; and 6) the causes of any deaths.

Methods {#Sec2}
=======

Potential cases were identified through the CPSP from April 1, 2004 to March 31, 2010. A collaboration of the Canadian Paediatric Society and the Public Health Agency of Canada, this program maintains monthly contact with more than 2,500 paediatricians and paediatric subspecialists in a two-tiered reporting system \[[@CR4]\]. The physician indicates that they have seen the disease in the last month or submits a "nil report". In follow-up, the CPSP sends a detailed data collection form for reporting physicians to complete. The detailed reporting form for a SCID case is available online at the Canadian Paediatric Society website \[[@CR5]\]. In almost all cases, the information provided in the reporting form was incomplete due to absence or lack of reporting. When the data were insufficient to make a definitive diagnosis the study investigator requested additional information, if available, from the CPSP who mediated requests to reporting physicians. However because of incomplete reporting of all the demographic and clinical variables, results do not equal the total number of reported cases in all analyses.

Ethical approval for this national study was obtained from the Health Canada Research Ethics Board and Research Ethics Board at IWK Health Centre in Halifax, Canada. This study was preformed in accordance with the 1964 Declaration of Helsinki and its later amendments.

Inclusion and Exclusion Criteria {#Sec3}
--------------------------------

The CPSP case definition for SCID was any child less than 2 years of age with the clinical features of SCID (including chronic diarrhea, recurrent pneumonia, failure to thrive, persistent thrush, and opportunistic infections) and at least one of the following: 1) an absolute lymphocyte count of less than 3000/mm^3^ or less than 20 % CD3+ T cells, 2) familial history of primary immunodeficiency. Infants with HIV infection or cystic fibrosis were excluded. This case definition for SCID was less specific than the diagnostic criteria for SCID put forth in 1999 by PAGID (Pan-American Group for Immunodeficiency) and ESID (European Society for Immunodeficiencies) and updated in 2005, which requires additional criteria such as engraftment of trans-placental-acquired maternal T cells, a definitive genetic mutation or decreased proliferative responses to mitogens \[[@CR6]\]. This was done in order to capture as many cases as possible. Two central study investigators (JR and AJ) reviewed each CPSP case report to determine if it was a definitive or probable case of SCID based on PAGID/ESID criteria.

Results {#Sec4}
=======

The Incidence and Types of SCID in Canadian Children {#Sec5}
----------------------------------------------------

The average annual national reporting rate during the study period for the initial questionnaire was 80.4 % ± SD 1.4 % and the average annual number of participants was 2560 ± SD 43. The completion rate for the detailed SCID questionnaire was 90 %. The CPSP received 102 suspected SCID case reports. Of these 62 were either duplicates or excluded according to the CPSP case definition. A total of 40 cases met the CPSP case definition for SCID during the study period (2004 to 2010).

Of the 40 cases meeting the CPSP case definition for SCID, 32 (80 %) fulfilled ESID criteria for definitive or probable SCID or X-linked SCID. Evidence of deficient ADA catalytic activity and/or causative genetic mutations were identified in 20 of the 32 cases: adenosine deaminase (ADA) deficiency (*n =* 10), gamma chain deficiency (*n =* 4) and RAG1 deficiency (*n =* 2). There were also 2 cases each of ZAP70 and MHC Class II mutations. ZAP70 and MHC class II deficiencies are not considered classical SCID \[[@CR7]\] but in all four cases, the patients presented with clinical findings of typical SCID. The remaining 12 of 32 cases were assigned per ESID diagnostic criteria as probable SCID (*n =* 9), definitive X-linked SCID (*n =* 1), probable X-linked SCID (*n =* 1) and possible X-linked SCID (*n =* 1). Of the remaining 8 of 40 that did not fulfill ESID criteria but fulfilled the CPSP case definition, three were transplanted for presumed SCID, two were waiting for transplant and two had passed away.

We included all 40 cases in our calculation of incidence. Of the 40 confirmed CPSP cases, seven were FNMI children, a disproportionate number (17.5 %; 95 % CI 10.7--24.3 %) given that FNMI children represent 6.3 % of the total Canadian pediatric population based on the Statistics Canada 2006 census of the 0--14 age group \[[@CR8]\]. This larger proportion is likely to introduce a bias in our incidence calculation and we therefore calculated the incidence in FNMI and non-FNMI Canadian children separately.

During the study period (2004 to 2010) 2,537,691 live births were recorded in Canada \[[@CR9]\]; 39 of 40 patients were born in Canada. If we predict that 6.3 % of those live births were FNMI children, the estimated incidence of SCID in FNMI and non-FNMI Canadian children is 4.4 per 100,000 live births (95 % CI 2.1 to 9.2/100,000) and 1.4 per 100,000 live births (95 % CI 1 to 1.9/100,000) respectively.

For the entire cohort, the mean age at diagnosis was 125 days (mean 4.2 months; range 1--583 days) based on 32 of 40 cases reporting date of diagnosis or time of onset of clinical manifestations of SCID.

Evaluation of Absolute Lymphocyte Count and Risk Factors in SCID Patients {#Sec6}
-------------------------------------------------------------------------

A commonly applied test for diagnosis of SCID is the absolute lymphocyte count (ALC) with an ALC of \<2500/mm^3^ as potentially pathogenic in early infancy \[[@CR10]\]. At risk populations can also be identified by evaluation of risk factors including a family history of SCID and/or infant deaths and consanguinity. We evaluated whether the ALC met this criteria in the Canadian SCID population. The mean ALC at diagnosis was 2579/mm^3^ (median: 1130/mm^3^; range: 50--14,040/mm^3^), (32 of 40 confirmed cases). Important clinical clues such as family history of SCID, infant death and/or consanguinity were present in 17 of 32 cases (53 %) reporting on family history. Specifically in the FNMI cohort of patients, 3 of 7 had a positive family history and/or consanguinity (43 %). Among 12 cases with no relevant family history and a reported ALC, eight had an ALC \< 2500/mm^3^. Screening with both the ALC and risk factors properly identified 25 of the 32 confirmed cases (78 %).

Clinical Symptoms at Presentation in Canadian Children with SCID {#Sec7}
----------------------------------------------------------------

The three most common presenting clinical manifestations were: interstitial pneumonia (48 %), failure to thrive (43 %), and a persistent bronchiolitic-like illness (40 %) (Table [I](#Tab1){ref-type="table"}). In 36 of the 40 SCID cases, one or more infections had been diagnosed at the time of reporting, including bacterial, viral and fungal pathogens (Table [II](#Tab2){ref-type="table"}). No patients reported in this series were given BCG and the study did not capture any cases of disseminated BCG infection.Table IPresenting signs and symptoms at diagnosis of confirmed SCID casesPresenting signs and symptomsPresent in cases (%)Average months at diagnosisInterstitial pneumonia19/40 (48 %)4.1Failure to thrive17/40 (43 %)3.7Persistent bronchiolitis-like illness15/38 (40 %)4.7Opportunistic infections12/36 (33 %)4Rash10/35 (29 %)3.7Chronic diarrhea9/38 (24 %)2.8Persistent or recurrent superficial Candidiasis8/39 (21.5 %)1.8Lymphoadenopathy and/or hepatosplenomegaly7//36 (19 %)4.7Absent lymph nodes and tonsils7/39 (18 %)−Oral and/or genital ulcers3/39 (8 %)8.7 Table II36 Documented infections among 36 of the 40 confirmed casesPathogensNumber of cases*Viral*Cytomegalovirus6Respiratory syncytial virus2Adenovirus2Human herpes virus-61Influenza A (H1N1)1Rotavirus1*BacterialEscherichia coli* bacteremia2*Pseudomonas aeruginosa* bacteremia1*Staphylococcus aureus* bacteremia1*Staphylococcus aureus* pneumonia1*Streptococcus viridans* bacteremia1*Streptococcus pneumoniae* bacteremia1*Streptococcus pneumoniae* pneumonia1*Fungal*Superficial candidiasis8Pneumocytosis jiroveci pneumonia6*Rhodotorula mucilaginosa* osteomyelitis1

Therapeutic Interventions in Treated Canadian SCID Patients {#Sec8}
-----------------------------------------------------------

Of the 18 patients with recorded information, 15 patients received a hematopoietic stem cell transplantation (HSCT), two received enzyme replacement therapy for ADA SCID and one was referred for gene therapy. Of the 15 patients who were transplanted, 6 had no family history (40 %). There was no statistical difference in average days to diagnosis between BMT patients with a family history and those without, 123 versus 110 days respectively. Those without a family history were identified due to clinical features of SCID. Among the 15 transplant patients, there was a fatal outcome in three (20 %) due to GVHD (*n =* 2) and respiratory failure (*n =* 1). The donor sources for the transplant were matched unrelated (*n =* 7), matched sibling (*n =* 4), haploidentical related (*n =* 2) and unknown (*n =* 2).

Mortality in our Canadian SCID Cohort {#Sec9}
-------------------------------------

There was a mortality rate of 30 % (12/40 cases) in the entire SCID population. Detailed information on each death is provided in Table [III](#Tab3){ref-type="table"}. The mean age at diagnosis based on 11/12 cases was 96 days (3.2 months). Four patients died before they could be referred for HSCT and another three patients died while waiting for a HSCT. Infections were the confirmed cause of death in four cases (disseminated CMV (*n =* 3), H1N1 Influenza A (*n =* 1)) and highly suspected in another 3 cases (ARDS (*n =* 1), respiratory failure (*n =* 1) and encephalitis (*n =* 1)).Table IIIDescriptions of mortalities among the SCID study (*n =* 12)Age at diagnosis (days)Family historyAbsolute lymphocyte count (/mm^3^)Molecular defectInfectionsReferred for HSCTReceived HSCT or enzyme replacementCause of death96Yes50ADANoneYesAcute respiratory distress syndrome (presumed infectious)116Yes300*Pneumocystis jiroveci*NoNoEncephalitis (presumed infectious)191No6200γc-chain*Pneumocystis jiroveci*YesYesGVHD/PTLD*Staphylococcus aureus* bacteremia1241540NoneNeurological abnormality30Yes500ADA*Rhodotorula mucilaginosa*YesNoLymphoma60680Influenza ANoNoH1N1 Influenza A110Yes7900*Escherichia coli* bacteremiaYesYesRespiratory failure*Pseudomonas* bacteremiaAdenovirus30Yes1020γc-chainCMVNoNoDisseminated CMV, acute neurological event60No200NoneYesNoMyeloproliferative syndrome1164500CMVNoNoCMV pneumonitis, multi-organ failure120Yes1100MHC Class IIRSV, Adenovirus, CMVYesNot a candidate because of co-morbiditiesDisseminated CMV, respiratory failure288ADAYesYesGVHD/PTLD*ADA* adenosine deaminase deficiency; *GVHD* graft-versus-host disease; *PTLD* post-transplant lymphoproliferative disorder; *CMV* cytomegalovirus; *MHC* major histocompatibility complex; *RSV* respiratory syncytial virus

Discussion {#Sec10}
==========

This is the first national study in Canada to estimate the incidence of SCID. Based on the study results, an observed incidence rate of 1.4 in 100,000 live births is reported in the Canadian non-FNMI population, which is consistent with previous studies from the US and France \[[@CR11], [@CR12]\].

The disproportionate higher estimated incidence of FNMI SCID cases, 4.4 in 100,000 live births, suggests that there is a skewed distribution of SCID in Canada. This may be due to founder effects caused by ancestral mutations in certain Aboriginal populations similar to the high frequency of T-B- SCID among Athabascan-speaking Native Americans \[[@CR13]\]. In our FNMI cohort, we did not find a higher incidence of positive family history and/or consanguinity compared to the larger group, although the numbers are small. In order to calculate the incidence among FNMI children we estimated the number of FNMI births based on the FNMI percentage of the Canadian pediatric population using census data that reported the number of people stating Aboriginal identity among different age groups, as there are no complete statistics on birthrates among FNMI peoples of Canada.

We could not comment on the incidence of disseminated BCG infection, as none of the patients reported in this study were administered BCG vaccine. This could be due to the fact that the use of BCG vaccine, even in First Nations communities, has gradually been discontinued across Canada in the last 10 years and replaced with enhanced Tuberculosis screening and control services. For example, the routine use of BCG was discontinued in First Nations communities in British Columbia and Quebec in 2003 and 2005, respectively \[[@CR14]\].

Hematopoietic stem cell transplantation (HSCT) performed early before significant infections have developed has been shown to result in the optimal survival for a majority of SCID infants. In one series of SCID patients, those receiving a transplant before 106 days (3.5 months of age), have a survival rate of 95 % compared to 76 % for those who received transplants when they were 3.5 months or older \[[@CR15]\]. The average days at diagnosis in the current report for the confirmed cases was 125 days (4.2 months of age), despite positive risk factors and characteristic clinical signs in many instances. The average days at diagnosis for those patients that died was even shorter at 96 days. Seven patients died of infections before they could receive an HSCT. Thus, earlier diagnosis followed by hematopoietic stem cell transplantation could potentially decrease the mortality in our population.

It is well established that neonatal diagnosis of SCID leads to significantly improved survival outcomes \[[@CR16]\]. Diagnosis at birth could prevent the almost certain life-threatening infections and end-organ damage, thus improving transplant outcome. In our report, survival after transplant was 80 % (12/15 cases). However, key risk factors such as family history of SCID and infant death and consanguinity were only present in half of the reported cases. This has been the impetus for establishing neonatal screening programs for SCID. The first public health program to establish screening was in the state of Wisconsin, USA in 2008. Currently, half of all births in the United States are being screened for SCID as part of pilot or established state newborn screening programs. The standard approach for SCID screening is testing for T-cell receptor excision circles (TRECs), a DNA biomarker of normal T-cell development. They can be measured in DNA isolated from the dried bloodspots already collected for newborn screening \[[@CR17]\]. TREC screening will not detect primary immunodeficiencies in the differential diagnosis of SCID such as ZAP70 and MHC class II and certain cases of ADA deficiency, but it does have the potential to detect other SCID-related and T lymphopenic disorders not captured in this study \[[@CR18]\]. Universal screening for SCID has been predicted to be a cost effective means to improve quality and duration of life for children with SCID \[[@CR19]\], but currently there is only one provincial neonatal screening program for SCID in Canada in Ontario. We believe that SCID fulfills requirements for addition to newborn screening panels in Canada. These criteria include: 1) SCID is fatal, often in the first year of life; 2) Newborns with SCID usually appear healthy at birth; 3) our estimated incidences support screening; 4) diagnostic testing is well-established; 5) curative treatment exists and earlier treatment leads to better outcomes; and 6) lastly there is a cost-effective and accurate screening tool.

There are several limitations to this national surveillance study. Investigators had no control over how the original data were collected and we acknowledge that some SCID cases may have been missed because of the exclusion criteria and general rate of participation in the CPS Surveillance Program. We do not know the exact fraction of the Canadian infant population that was captured by this surveillance study or the percentage of Canadian pediatricians and pediatric subspecialists represented in this study but we are encouraged by the national reporting rate of 80 % and high number of duplicate reports. The inclusion criteria we used was not as vigorous as those used by PAGID or ESID and in particular the use of an ALC \< 3000/mm^3^ may have failed to capture patients with maternal T cell engraftment. This could also explain why our fraction of ADA deficiency cases was higher then expected. In contrast to other forms of SCID, maternal lymphoid engraftment is not observed with ADA deficiency \[[@CR20]\]. Another possibility is the existence of founder mutations for ADA deficiency and ZAP70 SCID in Canadian old colony Mennonite populations. Unfortunately, this study did not capture any information about ethnicity beyond FNMI status. The use of a fixed ALC can also be problematic as the normal lymphocyte range is very age dependent. We believe that the current diagnostic criteria set forth by the Primary Immune Deficiency Treatment Consortium (PIDTC) as part of their prospective SCID study 6901 is the most rigorous description to date and should be employed in future studies \[[@CR21]\]. The reporting form often had missing data in certain categories. Because of the many variables involved in the analysis, each with data missing for a number of cases, this can lead to biased results. Information reporting tends to favor interesting and unusual results rather then normal ones. This study further highlights the need for Canadian centers to register their primary immunodeficiency patients in registries such as the North American United States Immunodeficiency Network (USIDNET) and participate in multi-center SCID studies as part of the PIDTC in order to acquire more comprehensive data.

Conclusions {#Sec11}
===========

This national cohort study provides the first report on the incidence and outcome of SCID patients in Canada. It provides evidence that the incidence is comparable to other national studies, but there is a higher percentage in the First Nations, Metis and Inuit pediatric population. It is clear based on recorded deaths, the majority due to infectious complications, that early identification of SCID is critical to improved survival. We argue that the results of this study provide compelling evidence that the case for universal SCID newborn screening in Canada needs to be a high priority for public health decision markers in Canada.
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